Background-Embryonic stem cell (ESC)-derived cardiomyocytes are anticipated to serve as a useful source for future cell-based cardiovascular disease therapies. Research emphasis is currently focused on determining methods to direct the differentiation of ESCs to a large population of cardiomyocytes with high purity. To this aim, understanding the molecular mechanisms that control ESC-to-cardiomyocyte differentiation should play a critical role in the development of this methodology. The Wnt/␤-catenin signaling pathway has been implicated in both embryonic cardiac development and in vitro ESC differentiation into cardiomyocytes. Chibby is a recently identified nuclear protein that directly binds to ␤-catenin and antagonizes its transcriptional activity. Methods and Results-Chibby was ubiquitously expressed in early stages of ESC differentiation but upregulated during cardiomyocyte specification. Of interest, the Chibby gene promoter has multiple binding sites for the cardiac-specific homeodomain protein Nkx2.5, and its promoter activity was indeed positively regulated by Nkx2.5. Furthermore, overexpression of Chibby increased cardiac differentiation of ESCs, whereas loss of Chibby by RNAi impaired cardiomyocyte differentiation. Conclusions-These data illustrate the regulation and function of Chibby in facilitating cardiomyocyte differentiation from ESCs. By revealing molecular mechanisms that control ESC-to-cardiomyocyte differentiation, this study will allow for the future development of technologies to improve cardiomyocyte differentiation from ESCs. (Circulation. 2007;115: 617-626.)
T he Wnt/␤-catenin signaling pathway has been described as being important for cardiomyocyte development from both in vivo and in vitro studies. Most studies have pointed to the inhibition of this pathway as necessary for cardiomyocyte differentiation, proliferation, or repair. For example, in vivo studies using Xenopus laevis or mice with the Wnt antagonists Dkk1 and sFRP lead to enhanced cardiac development or repair after myocardial infarction. [1] [2] [3] Furthermore, the conditional deletion of ␤-catenin in the endoderm of mice leads to ectopic heart development. 4 In contrast to the above reports, the addition of Wnt3a has been suggested to induce cardiomyocyte differentiation of embryonic carcinoma cells. 5 However, this Wnt3a addition has recently been suggested to improve cardiomyocyte differentiation in a temporally regulated manner in which Wnt3a is critical during the very early stages of differentiation to mesoderm lineages and repressive during later stages of differentiation to cardiomyocytes. 6, 7 Clinical Perspective p 626 Chibby (Cby) was identified in a protein-protein interaction screen (yeast Ras recruitment system) using the C-terminal region of ␤-catenin as bait. 8 Cby is a nuclear protein that has been conserved throughout evolution. Cby competes with Tcf/Lef for binding to ␤-catenin and thus represses ␤-catenin-mediated transcriptional activation. From Northern blotting, Cby was found to be highly expressed in multiple human tissues, including skeletal muscle, kidney, liver, placenta, and heart. The identification of Cby expression in heart tissue warranted the further study of this newly identified protein during cardiac differentiation.
Embryonic stem cells (ESCs) have become a useful tool to study in vitro differentiation as a model for development. On aggregation of these cells by the "hanging drop" method, the cells differentiate into multiple lineages, including beating cardiomyocytes. Furthermore, ESCs have the potential for clinical therapy. Because these cells have a capacity for unlimited self-renewal, they may serve as a valuable source for cell replacement strategies. 9 Specifically, these cells may be useful in cases such as heart disease in which the availability of donor hearts is a major limitation. The ultimate goal of ESC biology is to differentiate these cells into a pure, high-percentage population useful for cell transplantation. However, for the potential of ESCs to be realized clinically, more studies must be done to understand the molecular mechanisms controlling cell lineage specification. 9 Because the Wnt/␤-catenin signaling cascade has been suggested to be important for murine ESC self-renewal and the differentiation to cardiomyocytes, we sought to determine how Cby, a new player in the Wnt/␤-catenin pathway, would be implicated in this process.
Methods

ESCs
The murine ESCs used were ␣-cardiac myosin heavy chain-EGFP (MHC-GFP) CGR8, 10 ␣-fetoprotein (Afp)-GFP, 11 Brachyury-GFP, 12 and R1. MHC-GFP tetracycline-off inducible cell line was established by the cotransfection of pCAG20-1 (CAG promoter driving the Tet activator-tTA2) and pUHDIO-3 (cytomegalovirus minimal promoter with Tet-operator driving the puromycin resistance gene) into MHC-GFP ESCs and subsequent selection with puromycin. The MHC-GFP Cby-TRE-off inducible ESC line was developed by first cloning flag-tagged human Cby (hCby) into pTRE2-hyg vector (Clontech, Mountain View, Calif), which contains the Tet operator followed by a minimal cytomegalovirus promoter. pTRE2-Cby was then transfected into MHC-GFP Tet-off inducible cell line, and hygromycin B-resistant clones were selected. To develop the Cby RNAi vector, mouse Cby short-hairpin RNA (shRNA) construct was developed by subcloning the targeting sequence (5Ј-GTGGCAGACTCCGTG-ATTAGT-3Ј) into the pSuppressor Retro vector (Imgenex, Sorrento Valley, Calif). The Cby knockdown ESC and control cell lines were developed by transfecting the empty vector or Cby knockdown vector into R1 ESCs and subsequent selection with G418. The hCby rescue of the mouse Cby RNAi ESC line was developed by cloning flag-tagged hCby into a pCAG-hyg vector and transfection into the Cby knockdown clone and subsequent selection with hygromycin B.
ESC Maintenance and Differentiation
All ESC lines were maintained and differentiated as previously described. 11, 13 
Flow Cytometry and Fluorescent-Assisted Cell Sorting
Differentiated cells were prepared into a single-cell suspension by treatment with 0.05% trypsin/EDTA and incubation at 37°C for 5 to 10 minutes. Flow cytometric analysis was performed with a fluorescent-assisted cell sorting (FACS) machine (Sort, Becton Dickinson, Franklin Lakes, NJ) using CellQuest Acquisition data analysis software (Becton Dickinson). Sorted cells were collected by Vantage machine (Becton Dickinson) also using CellQuest Acquisition data analysis software (Becton Dickinson). Quantification of MHC-GFP flow cytometry was determined by the ratio of GFP ϩ cells for each condition to the GFP ϩ cells for Cby-TREϩdoxycycline (Dox; noninduced control) for each independent experiment.
Reverse-Transcriptase and Real-Time Polymerase Chain Reaction
Reverse-transcriptase polymerase chain reaction (RT-PCR) was performed as previously described. 11 Real-time PCR reaction was performed using the TaqMan Gene Expression Assay (Applied Biosystems, Foster City, Calif) according to the manufacturer's instructions. Primers sequences are listed in the supplementary table.
Immunoblotting
Immunoblotting was performed by first lysing cells in RIPA buffer and then normalizing total protein using a Lowry assay (Bio-Rad, Hercules, Calif). Next, 20 g to 30 g total protein was separated on 15% SDS-PAGE gels and transferred to nitrocellulose membranes. The following primary antibodies were used: Flag M2 (Stratagene, La Jolla, Calif), actin (Santa Cruz Biotechnology, Inc, Santa Cruz, Calif), and Cby. 2 Species-specific peroxidase-conjugated IgG (Santa Cruz) was used as the secondary antibody, followed by enhanced chemiluminescence detection (Amersham, Piscataway, NJ).
Immunofluorescence Staining
Immunofluorescence staining was performed as described previously. 11, 13 
Luciferase Reporter Assays
Luciferase reporter assays were performed as described previously. 13 The Cby promoter (2.0 kb) was cloned into pGL3-basic luciferase reporter vector (Promega, Madison, Wis). The Nkx2.5 and mutant R190H Nkx2.5 were cloned into pcDNA3 as described previously. 14
Electrophoretic Mobility Shift Assays
Electrophoretic mobility shift assays were performed as previously described. 15 Briefly, end-labeled and annealed oligonucleotides (Ϸ50 000 cpm) were incubated with 3-fold serial dilutions of 66 ng MBP-Nkx2.5 or MBP-Nkx2.5 homeodomain fusion protein, 50 g BSA, 0.5 g poly(dG-dC) in 10 mmol/L HEPES, pH 8.0, 50 mmol/L KCl, 1 mmol/L EGTA, 10% glycerol, 2.5 mmol/L DTT, and 7 mmol/L MgCl 2 in a 15-L reaction for 20 minutes at room temperature and separated on a 5% polyacrylamide gel in 0.5ϫ Tris-glycine buffer. Protein-DNA binding affinity was estimated by the protein concentration at which 50% of the DNA probe had become bound. 16 The probes used here are as follows: distal, TTTGGACAAACCGAGTTAAGTGCAACAATAGTC (Ϫ1734 to Ϫ1701); mutant distal, TTTGGACAAACCGAGTTGGGTGCAA-CAATAGTC (Ϫ1734 to Ϫ1701); proximal, TCCAGCCTGGGT-CACCACTTAACATTTTTAACACAAC (Ϫ385 to Ϫ348); and mutant proximal, TCCAGCCTGGGTCACCACCCAACATTTT-TAACACAAC (Ϫ385 to Ϫ348).
Statistical Analyses
Real-time PCR, luciferase assays, and flow cytometry data are presented as means and SDs of experiments in triplicate. Data were analyzed by Student's t test or 1-way ANOVA with repeatedmeasures analysis and Tukey's posttest analysis. For all analyses, values of PϽ0.05 were considered statistically significant.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
The ␤-Catenin Antagonist Cby Is Ubiquitously Expressed in ESCs and in Early Lineage Specification but Is Gradually Downregulated During Differentiation
Cby is a recently identified nuclear protein that antagonizes the transcriptional activity of ␤-catenin. Because the expression pattern of Cby during embryonic development has not been elucidated, we initially studied the levels of Cby expression in undifferentiated mouse ESCs and during their in vitro differentiation. ESCs may be differentiated in vitro by forming aggregates, called embryoid bodies, on the lids of Petri dishes using the hanging drop method. 17 To determine the levels of Cby expression in ESCs and during in vitro differentiation, R1 ESCs were differentiated by the hanging drop method, and cells were collected at days 0, 4, 7, 10, and 14. Total RNA was extracted, and Cby expression, along with that of other genes, was analyzed by RT-PCR. Our data suggest that Cby is expressed in ESCs but gradually decreases through 14 days of differentiation ( Figure 1A ). In comparison, multiple Wnts become upregulated during ESC differentiation, whereas cardiac markers Nkx2.5, ␤-MHC, and Mef2c begin to be expressed at day 7. Real-time PCR confirmed the gradual decrease in Cby expression during ESC differentiation and Nkx2.5 upregulation at day 7 ( Figure 1B ). Because Cby may be expressed in a temporal or lineage-restricted manner, we analyzed Cby expression in primitive endoderm or mesendoderm progenitor cells.
To determine whether Cby is expressed in primitive endoderm, Afp-GFP ESCs were aggregated in media for 4 days. Similarly, to determine whether Cby is expressed in mesendoderm progenitors, Brachyury-GFP ESCs were differentiated in monolayer adherent culture for 4 days. All GFP-positive and -negative cells were isolated by FACS, and Cby RNA expression was detected by RT-PCR ( Figure  1C and 1D). Cby was found to be expressed in all positive and negative GFP cell populations. These data suggest that Cby is expressed throughout early lineage differentiation.
High Cby Expression Is Restricted to Cardiomyocytes During Late Stages of Differentiation and Development
We next sought to determine the expression pattern of Cby during late stages of ESC differentiation. After 10 to 15 days of differentiation by the hanging drop method, ESC-derived cardiomyocytes can be detected by a spontaneous beating phenotype. To enhance visualization of the cardiomyocytes, ESCs containing a stable transgene for EGFP under the control of the cardiac promoter MHC-GFP cells may be used. Using day 15 embryoid bodies, high Cby expression was specifically colocalized only with the MHC-GFP cardiomyocytes as determined by immunocytochemistry compared with the GFP-negative cells in which Cby expression was found to be low or nonexistent (Figure 2A ). It should also be noted that Cby may be able to shuttle between the nucleus and the cytoplasm (K.-I. Takemaru et al, unpublished observations, 2006) . To further confirm the increased expression in cardiomyocytes compared with nonmyocytes, we performed FACS on MHC-GFP ESCs differentiated for 12 days. Real-time PCR was then used to compare the expression of Cby and Nkx2.5 in the GFP-negative and GFP-positive sorted populations ( Figure 2B ). Cby was determined to be 2.7fold higher in cardiomyocytes compared with noncardio- myocytes. Together, these data suggest that Cby is expressed fairly ubiquitously during the early stages of ESC differentiation, but at later stages, high Cby expression is restricted to cardiomyocytes.
To determine the expression of Cby in vivo, lung, liver, and heart were isolated from E12.5 mice embryos and 8-to 10-week-old mice. RNA was extracted from the tissues, and real-time PCR was performed to determine the expression of Cby and Nkx2.5 ( Figure 2C ). Cby was Ϸ3-fold higher in both embryonic and adult heart compared with the lung and liver. These data suggest that high levels of Cby are expressed in cardiac tissue compared with other tissues.
Cby Expression Is Upregulated by the Cardiac-Specific Transcription Factor Nkx2.5
Because Cby expression appeared to be highly expressed in cardiomyocytes during late-stage embryoid body differentiation, we analyzed the Cby promoter region for any specific cardiac regulatory elements by computer in silico analysis. Within 2 kb upstream of the transcriptional start site for murine Cby, we identified 5 potential bindings site for Nkx2.5 (Data Supplement Figure I ). Of these 5 sites, 2 were highly significant, with a score of 97 of 100 on the TRANSFAC database (http://motif.genome.jp/).
To determine whether Nkx2.5 can directly bind to the Cby promoter, electrophoretic mobility shift assays were performed using probes that included the 2 highly significant putative binding sites ( Figure 3A ). As predicted, full-length Nkx2.5 and the Nkx2.5 homeodomain were able to induce shifts for both probes with high efficiency (Kd ranged from 0.7 to 6.4ϫ10 Ϫ9 mol/L). However, neither a mutant Nkx2.5 nor the MBP alone was able to induce a shift. Interestingly, we found multiple shifts, suggesting that Nkx2.5 may bind to multiple positions within these probes. Finally, probes that contained mutated sites (AA to GG) in the Nkx2.5 consensus sequences showed significantly decreased affinity for Nkx2.5 or Nkx2.5 homeodomain binding (Kd Ͼ5.8ϫ10 Ϫ8 mol/L; data not shown). To further determine whether Nkx2.5 can directly activate Cby expression, the 2-kb promoter region of mouse Cby was cloned into a luciferase reporter vector. Transfection of an Nkx2.5 expression vector activated the mouse Cby luciferase reporter in a dose-dependent manner in NIH3T3 cells ( Figure  3B ). Furthermore, an Nkx2.5 R190H mutant, incapable of DNA binding, failed to enhance the activity of the Cby luciferase reporter. Together, these data suggest that Nkx2.5 binds to the Cby promoter to activate its expression during cardiomyocyte differentiation.
Cby Antagonizes ␤-Catenin Activity in ESCs
To confirm the function of Cby as an antagonist of ␤-catenin signaling in pluripotent, nontransformed cells, we performed luciferase activity assays in mouse ESCs. Initially, we found that the activity of ␤-catenin in ESCs by the Topflash/ Fopflash system (a luciferase reporter with wild-type or mutated Tcf-binding sites) was undetectable (data not shown). 18 To enhance this activity, a constitutive active ␤-catenin vector with or without a Cby expression vector was transiently transfected into ESCs, and Topflash/Fopflash activity was measured. As expected, Cby overexpression significantly reduced ␤-catenindependent reporter activity by Ͼ3-fold (Data Supplement Figure II ).
Loss of Cby Inhibits Cardiomyocyte Differentiation of ESCs
Previous studies have suggested that activation of Wnt/␤catenin signaling can inhibit cardiac differentiation. 6, 7, 19 Consistent with these findings, activation of the Wnt/␤catenin signaling cascade during late ESC differentiation by either 5 mmol/L LiCl or 10 ng/mL rWnt 3a significantly reduced cardiomyocyte formation (supplementary Figure  III) . We therefore decided to test whether the loss of the ␤-catenin antagonist Cby also may reduce cardiomyocyte differentiation.
R1 ESCs were transfected with an siRNA vector against Cby to knock down its expression, and stable cell lines were developed. Immunoblot analysis demonstrates that Cby RNAi efficiently reduced endogenous protein levels by Ͼ80% ( Figure 4A ). Although Cby is expressed in ESCs, its knockdown did not seem to have any adverse effects on ESC maintenance. However, on differentiation of the Cby knockdown cell line, we found that the normal in vitro differentiation patterning between days 5 and 14 was dramatically altered. Specifically, embryoid bodies showed smaller outgrowths and fewer beating cells ( Figure  4B and 4C). To confirm that the differentiation defect was due directly to the loss of Cby, hCby was re-expressed in the Cby knockdown clone ( Figure 4E ). hCby is not susceptible to the effect of the siRNA against the mouse Cby gene. The expression of hCby was able to rescue both the differentiation of outgrowths from the embryoid bodies and the beating cardiomyocytes ( Figure 4B and 4C) .
To confirm that the loss of Cby did not affect ESC maintenance or early differentiation but did affect late stages of differentiation, RNA expression of various markers was determined by RT-PCR. Pluripotency markers Oct4 and Nanog were not affected by Cby RNAi in ESCs. Similarly, neither early mesendoderm marker Brachyury nor endoderm markers Afp and transthyretin appeared affected by the knockdown of Cby within 4 days of differentiation ( Figure 4D ). However, by day 12 of differentiation, the cardiac markers Nkx2.5, ␤-MHC, and Mef2c were downregulated in the Cby knockdown but not in the negative control cells ( Figure 4E ). Furthermore, expression of hCby rescued the expression of the cardiac markers. Interestingly, endoderm differentiation at day 12, as determined by Afp, albumin, and ␣-antitrypsin expression, was also downregulated by the Cby RNAi and rescued by hCby expression. Additionally, there appeared to be an increase in neuroectoderm differentiation in the Cby knockdown, as determined by Nestin and Sox2 expression. Finally, the chondrocyte marker collagen II, vascular endothelial marker Flk1, and epithelial marker cytokeratin 19 were unaffected by the RNAi. Together, these data indicate that Cby facilitates the formation of late-stage mesoderm/endoderm lineages such as cardiomyocytes but is not required for Brachyury-positive mesendoderm progenitors.
Cby Overexpression Promotes Cardiomyocyte Differentiation of ESCs
To investigate how ectopic expression of Cby would affect cardiac differentiation of ESCs, we developed a stable cell line overexpressing Cby using R1 ESCs as the parental line. Sustained Cby overexpression in ESCs, like the loss of Cby by RNAi, did not have any adverse effects on ESC maintenance. On differentiation of this cell line, we found an increase in the number of beating cardiomyocytes (data not shown). To further evaluate the effect of Cby on cardiomyocyte differentiation of ESCs, we developed a tetracycline-off, inducible cell line using the MHC-GFP ESCs. As shown in Figure 5A , low levels of Cby expression could be detected in the presence of Dox. However, on the removal of Dox, Cby protein expression successively increased after 24, 48, and 72 hours. The addition of Dox for 24 hours led to a rapid reduction in protein to nearly background levels. On the differentiation of these cells in the presence or absence of Dox by the hanging drop method, we found that when Cby was induced consecutively for 15 days, there was an increase in the number of GFP-positive cells ( Figure 5B ). To confirm this increase in cardiomyocytes, we performed flow cytometric analysis on the Cby-inducible cell line and the parental cell line, with or without Dox, after 15 days of differentiation. From multiple trials, we found that there was an Ϸ2-fold increase in the number of GFP ϩ cardiomyocytes among differentiated cells overexpressing Cby (Figure 5C and  5D ). Finally, we confirmed the increased differentiation of ESCs to cardiomyocytes by checking the RNA expression of cardiac markers by RT-PCR ( Figure 5E ). Cardiac markers Nkx2.5, ␤-MHC, and Mef2c were significantly increased in the Cby-overexpressing cells compared with the nonoverexpressing cells. Other lineage markers, collagen II and Nestin, appeared unchanged. These data suggest that sustained Cby overexpression will increase cardiomyocyte differentiation without significantly affecting other cell lineages.
To further define the time window in which Cby overexpression best increases the cardiomyocyte population, we induced Cby expression by removing Dox during the early and late stages of differentiation. Overexpression of Cby in only the first 4 days of differentiation led to a cardiomyocyte population of 3.8% of the total cells, which was not significantly different from the control cell population of 3.6% (data not shown). On the other hand, overexpression of Cby by Dox removal during the later stages of differentiation, days 4 through 15, led to a cardiomyocyte population of 7.0%, which represented an increase over the controls but still was less than sustained Cby overexpression through days 0 through 15, which was found to be 9.9%. These data suggest that sustained Cby overexpression throughout ESC differentiation leads to the largest increase in the cardiomyocyte population.
Discussion
Our data suggest that the ␤-catenin antagonist Cby facilitates cardiomyocyte differentiation from mouse ESCs. We found that ectopic expression of Cby will lead to a 2-fold increase in the number of cardiomyocytes formed. Cby overexpression did not have any adverse effects on ESC maintenance or differentiation. The expression of multiple lineage markers in the Cby-overexpressing embryoid bodies suggests that Cby was not increasing cardiomyocyte percentages by simply inducing cell death in noncardiac lineages. Indeed, the general morphology of embryoid bodies with or without Cby overexpression displayed no significant differences in the size of outgrowths, variety of cell lineages that developed, or total number of cells. These findings are in contrast to other reports of an increase in the purity of cardiomyocytes formed but not necessarily the total percentage of cardiomyocytes by purifying progenitor cell populations or by inducing the cell death of noncardiomyocyte lineages. 20, 21 These data suggest that by modifying signal transduction cascades, we may influence the resulting lineage specification. Because the ultimate goal of ESC research is to develop a high percentage and pure population of specific lineage cells useful for transplantation, genetic manipulation by overexpression of exogenous proteins may not be feasible. However, by understanding the signaling pathways critical to cardiomyocyte differentiation, we may then use specific factors or chemicals to influence these pathways and improve the differentiation. To this aim, we have attempted to use several chemicals previously reported to directly inhibit the interaction between ␤-catenin and Tcf. [22] [23] [24] Unfortunately, the chemicals tested so far, Sulindac, Quercetin, and EGCG, have proved too toxic for use in ESC culture. Recently, Wnt11 was identified as a factor to increase ESC-derived cardiomyocyte formation by 2-fold. 25 Wnt11 promotes noncanonical signaling through JNK and PKC while inhibiting canonical signaling through ␤-catenin. 26 These data therefore support our findings with Cby. Several groups have suggested a role for Wnts and ␤-catenin in myocyte maturation or regeneration, which may seem at odds with findings presented here. 27, 28 However, the role of Cby may not negate a role for Wnt or ␤-catenin. Wnts may serve to stabilize ␤-catenin to promote its role in adherens junctions to support contractility in myocytes. 29 Cby may thus serve to repress the unwarranted ␤-catenindependent transcriptional regulation. Other groups have identified factors such as Noggin that significantly promote cardiomyocyte differentiation from ESCs. 30 Noggin was found to promote differentiation preferentially in the early phases of differentiation to Brachyury ϩ cells and lead to a 100-fold increase in cardiomyocyte differentiation. However, it should be noted that the true percentage of cardiomyocytes within the embryoid body population was not determined in that study. The 100-fold increase was determined by immunostaining and confocal microscopy. Because embryoid bodies grow in a 3-dimensional structure, the total cardiomyocytes within the population cannot be determined unless the embryoid body is dispersed into single cells and analyzed by flow cytometry. The 100-fold increase in ESC-derived cardiomyocyte formation most likely does not represent 100% efficiency. However, by using a combination of methods such as those described by Yuasa and colleagues 30 and in our study, we may further promote cardiac differentiation to reach this ultimate goal.
In contrast to our gain-of-function studies, which increased cardiac differentiation of ESCs, the loss of Cby by RNAi led to an inhibition of normal embryoid body formation, along with a strong decrease in the number of cardiomyocytes. These data, coupled with our findings that Cby expression is ubiquitous during early stages of embryoid body differentiation but that high Cby expression is found primarily in ESC-derived cardiomyocytes at late stages of differentiation, implicate Cby in the cardiac differentiation cascade. Thus, Cby likely inhibits ␤-catenin activity of downstream genes in precardiac mesoderm to permit the differentiation toward the cardiomyocyte lineage. Currently, it is unclear what genes that are transcriptionally regulated by the Tcf/␤-catenin complex may be repressive to cardiomyocyte development.
Interestingly, in addition to the loss of cardiac differentiation by the knockdown of Cby, there was also a loss of endoderm during the late stages of differentiation (day 12) but not during the early stages of differentiation (day 4). This suggests that although Brachyury ϩ mesendoderm progenitors form normally, their subsequent differentiation to specified mesoderm or endoderm lineages is defective. Additionally, we found an increase in neuroectoderm marker expression in the Cby RNAi. Because ␤-catenin activity has been reported to be required for neural differentiation of ESCs, the loss of the ␤-catenin antagonist Cby may promote neural differentiation at the expense of mesoderm and endoderm differentiation. 31 Alternatively, neuroectoderm lineages may simply be overrepresented because of the loss of other cell types.
The finding that the homeodomain containing protein Nkx2.5 can bind to and activate the Cby promoter is of significant interest. Nkx2.5 plays a critical role in early cardiac development in that the knockout mice are embryonic lethal at day 9 to 10 postcoitum with a strong defect in looping morphogenesis. 32 Nkx2.5 also has been shown to be essential for in vitro cardiac differentiation through the use of Nkx2.5 dominant negatives in P19 embryonal carcinoma cells. 33 Because Cby knockdown led to reduced Nkx2.5 expression during ESC differentiation and Cby overexpression increased Nkx2.5 expression, it is possible that Nkx2.5 and Cby may regulate each other through a positive feedback loop to enhance cardiac differentiation. The regulation of Cby by Nkx2.5 also may represent a novel mechanism by which Nkx2.5 can affect the Wnt/␤-catenin signaling cascade.
Canonical Wnt signaling has been shown to be essential for primitive streak induction and mesoderm formation in vivo while also directly activating mesodermal genes such as Brachyury. 34 -36 Recent studies also have shown a requirement for Wnt signaling during mesoderm differentiation of ESCs. 37 Our data suggest that although Cby is expressed in Brachyury ϩ cells, neither the overexpression of Cby nor its knockdown has a significant effect on the development of early mesodermal lineages. This apparent conflict could be delineated by the fact that Cby likely functions in a cell-typespecific manner. For example, the ectopic expression of Cby represses activation by ␤-catenin in ESCs, 293T, NIH3T3, and COS7 cells but not in C2C12, HeLa, HepG2, Neuro2a, and U2OS cells (H.-I. Takemaru, unpublished observations, 2006) . Unidentified tissue-specific cofactors may be required for the function of Cby.
Conclusions
Our data strongly indicate that the inhibition of ␤-catenin signaling by Cby, most likely after the onset of Brachyurypositive mesendoderm progenitors, is a key step in forming cardiomyocytes from ESCs. Inhibition of the Wnt/␤catenin pathway, perhaps by the use of small inhibitory molecules, may provide a useful tool to increase cardiomyocyte differentiation from ESCs. By understanding the intracellular signaling pathways that control cardiomyocyte differentiation from ESCs, we may further facilitate the potential use of ESCs in cell replacement therapies for cardiovascular injury and disease.
